ABSTRACT A mixed-sequence synthetic oligonucleotide probe was used to isolate a clone containing the gene encoding the a subunit ofbacterial luciferase from Vibrio harveyi and part ofthe gene coding for the (3 subunit. DNA sequence analysis has allowed us to determine that the genes are closely linked on the bacterial chromosome and transcribed in the same direction. Comparison ofthe sequences in the regions preceding the two structural genes has revealed considerable homology and has identified sites that may be involved in the expression of the genes. Identification of a clone from a clone bank oftotal genomic DNA from thisorganism shows that mixed probes can be successfully used to isolate a gene of interest from any bacterium provided some protein sequence for the gene product is available.
The light-emitting reaction of the marine bioluminescent bacterium Vibrio harveyi is catalyzed by bacterial luciferase, an a-P dimer that has subunit molecular weights of 42,000 and 37,000, respectively (1) . Synthesis of luciferase and concomitant bioluminescence is inducible, resulting in an up to 10 ,000-fold increase in light emission per cell (2) . Biochemical and physiological data indicate that control of bioluminescence in this bacterium is complex and suggest that at least some of the regulation occurs. at the transcriptional level (3, 4) . The amino-terminal sequences of the two subunits show considerable homology, and it has been suggested that they may have arisen by gene duplication (5) .. We were interested in cloning the luciferase genes to study their structure and organization and to generate specific hybridization probes with which to measure gene expression.
Recently, synthetic mixed-sequence oligonucleotides have been used to identify DNA fragments carrying genes ofinterest from cDNA clone banks (6) and to characterize particular eukaryotic mRNAs (7) . Partial protein sequence data for luciferase were used in the design of a mixed-sequence oligonucleotide probe complementary to all possible mRNAs encoding the corresponding portion of the a subunit. This probe was used to identify a A Charon 13 derivative carrying the entire a-subunit gene and the 5' end of the 8-subunit gene in a clone bank of V. harveyi DNA.
MATERIALS AND METHODS Bacterial Strains, Cloning Vehicles, and Media. Escherichia coli strain ED 8654 (supE supF met hsdR-hsdM+) (8) was used for propagation of bacteriophage A and recombinant plasmids. The M13 cloning vehicles mp7 and mp8 were grown on E. coli *strain JM 103 (lac pro 'supE.thi strA endA sbcB15 hsdR4 F traD36 proAB lacIZM 13) (9). DNA for cloning was isolated from Vibrio harveyi strain B392. Charon 13 was constructed by Blattner et aL (10) . Plasmid pACYC184 was constructed by Chang and Cohen (11) . E. coli was grown in either L broth or NZ broth (10) . V. harveyi was grown in L broth supplemented with NaCl to a final concentration of 2% (LM broth).
Oligonucleotide Synthesis. A family ofeight oligonucleotides was simultaneously synthesized by the solid-phase phospho-*triester method (12) (13) (14) under the following conditions: (i) synthesis was on . 16 .,umol of polyacrylmorphdlide T resin; (ii) dimers were added at. 3 Three microliters of the above 17-mer.preparation was la-*beled with 32P by using T4 polynucleotide kinase (New England BioLabs) and [32P]ATP (ICN) (16) . At the end of the reaction, an equal volume (10 pL1) of 20% sucrose/7 M urea/0.2% NaDodSO4/0.1% bromphenol blue/0.1% xylene cyanol was added, and the mixture was heated for 5 min at 370C and separated by electrophoresis through a 20% acrylamide gel for 3.5 Abbreviation: kb, kilobase(s).
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The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. Alternatively, unlabeled oligonucleotides in the mixture (50 yu) were separated by electrophoresis as described above and the band corresponding to the 17-mers was visualized by UV shadowing. The band was excised and eluted as above and the oligonucleotides were further purified by chromatography on a 1.0-ml column of DEAE-cellulose (Whatman DE52) equilibrated with gel elution buffer. The DNA was eluted from the column with 0.5 M NaCl/10 mM Tris-HCl, pH 7.6/1 mM EDTA and precipitated with ethanol in the presence of glycogen at 1 ,ug/ml. The purified 17-mers were suspended in TE buffer and used as primers in DNA sequence analyses.
Oligonucleotide Hybridizations. Restriction fragments from agarose gels (17) or phage DNA from plaques (18) were transferred to nitrocellulose and hybridized at 37C with the labeled oligonucleotide probe (5-10 X 105 cpm/ml) for 20 hr according to Wallace et aL (14) . After (10) .
Subcloning and Sequence Analysis. DNA fragments were subcloned into the M13 cloning vehicles mp7 and mp8, and sequences were determined by the dideoxy method (9, 19 (1, 20) . This peptide sequence allows synthesis of a family of eight molecules, each 17 nucleotides long.
As shown in Fig. 1, a The conditions determined by hybridization of the oligonucleotide probe to restriction fragments were used in probing the V. harveyi clone bank. Of the 14 pooled lysates screened, representing approximately 7,000 clones, only one pool showed positive hybridization to some of the plaques (Fig. 2B) . DNA from the positively hybridizing phage was isolated and analyzed on agarose gels. All such phage contained two EcoRI fragments, one of 5.6 kb and another 1.85 kb, suggesting that they were derived from the same clone. The DNA from the gel was then transferred to nitrocellulose and hybridized with the mixed probe; only the cloned 1.85-kb EcoRI fragment and a fragment of the same size in a V. harveyi EcoRI chromosomal digest showed positive hybridization (Fig. 2C) . Subsequent restriction analysis has shown that the 5.6-kb and 1.85-kb EcoRI fragments are not contiguous in the V. harveyi genome (data not shown).
The 1.85-kb EcoRI fragment was subcloned into pACYC184 and analyzed by restriction endonuclease digestion (Fig. 3) . The mixed probe hybridizes to the 0.33-kb internal Pst I fragment (data not shown). The restriction sites shown were used to obtain fragments for further subcloning into the M13 derivatives mp7 and mp8.
DNA Sequences in the Cloned Fragment Correspond to the a-Subunit Protein Sequence. The 1.85-kb EcoRI fragment was subcloned into M13 mp7 in both orientations. The oligonucleotide probe was then used as a primer for dideoxy sequence analysis. The DNA sequence generated and the implied protein sequence are shown in Fig. 4A . The nucleotide sequence corresponds to a portion ofthe 8H chymotryptic fragment, showing that at least part of luxA, the gene encoding the a subunit, is present. The 0.95-kb Pst I/EcoRI partial fragment (Fig. 3) was subcloned in M13 mp8. DNA sequence analysis ofthis fragment established the additional sequence in this region, including the site to which the mixed probe hybridized. The polarity ofthese sequences establishes the orientation of luxA.
Nicoli and Hastings (21) have shown that modification of a reactive cysteine residue on the a subunit leads to luciferase inactivation. The reactive cysteine is contained in the active center tryptic peptide Phe-Gly-Ile-Cys-Arg (22) . The nucleotide sequence shown in Fig. 4A identifies the position of this peptide. Several trypsin cleavage sites (lysine and arginine residues) surround the peptide, which is in agreement with the observation that there are several protease-labile sites on the a subunit near the active center peptide (20, 23 4B). The protein sequence implied from these data is identical to the published protein sequence of the a-subunit amino terminus (5) with the exception ofa glutamate -k glutamine change at amino acid 17 and an alanine --arginine change at residue
23.
Location of the Luciferase 3-Subunit Gene. Fig. 4B also shows a partial sequence from the EcoRI site downstream from luxA. This sequence agrees perfectly with the amino terminus of the luciferase /3 subunit (5). The sequence encoding the last three amino acids forms the EcoRI site used in the cloning. Thus, the gene for the /8 subunit, luxB, is closely linked to, downstream from, and transcribed in the same direction as luxA on the V. harveyi chromosome (Fig. 3) The mixed probe hybridizes to a 4.0-kb HindIII fragment ( Fig. 2A ) that must contain the intact genes for both subunits. We have now cloned this fragment.
Possible Regulatory Signals Preceding luxA and luxB. Comparison ofthe DNA sequences upstream from the luxA and luxB structural genes reveals several homologies (Fig. 4B) . The sequence 5'-A-A-G-G-A-A-A-3' is centered at eight and nine nucleotides upstream from the start codons ofthe a-and /3-subunit genes, respectively. This sequence corresponds to the consensus ribosome binding site in E. coli (24) (25) (26) . We note two further regions of homology between the two genes located upstream from the consensus ribosome binding site. We do not yet know whether these sequences play a role in gene expression.
The Gene-Duplication Hypothesis. Based on homologies between the amino-terminal protein sequences of the two subunits, Baldwin et al. (5) proposed that the luciferase genes have arisen by duplication of an ancestral gene. These findings support this hypothesis and suggest that the duplication was tandem. Comparison of the nucleotide sequence in the amino-terminal coding region of luxA and luxB reveals considerable homology between the two genes; 66% of the nucleotides are identical over the first 13 codons. The homologous sequences upstream from the amino termini of the structural genes may also reflect the duplicative event.
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